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Introduction 

The powder metallurgy disk alloy LSHR was designed with a relatively low y ' solvus temperature 
and high refractory element content to allow versatile heat treatment processing combined with high 
tensile, creep and fatigue properties (ref. 1). When processed to produce microstructures with fine grains 
near 10 pm in diameter, the alloy can exhibit high tensile strength, creep resistance, and fatigue resistance 
at temperatures up to 650 °C. When alternatively processed to produce microstructures with coarser 
grains near 50 pm in diameter, the alloy can exhibit high tensile strength, creep resistance, and fatigue 
crack propagation resistance to temperatures exceeding 700 °C. Grain size is predominantly controlled by 
the solution heat treatment temperature in relationship to the y ' solvus temperature (ref 2). “Subsolvus” 
solution heat treatments below the solvus temperature allow coarse remnant “primary” y ' particles 1 to 
5 pm in diameter to remain and constrain grain growth. “Supersolvus” solution heat treatments above 
the solvus temperature dissolves the coarse remnant “primary” y ' particles, and grains can grow 
significantly larger. 

However, forging process conditions can also significantly affect solution heat treatment-grain 
size response. Forging process conditions influence the as-forged grain size of the microstructure. 
Furthermore, the forging process conditions also introduce varying amounts of dislocations and 
associated internal energy within the microstructure, which drives grain growth during solution heat 
treatments (ref. 3). Therefore, it is necessary to understand the relationships between forging process 
conditions and the eventual grain size of solution heat treated material. This would allow selection of 
appropriate forging conditions having sufficient tolerances for production processes, in order to produce 
uniform fine grain and coarse grain microstructures. This is especially important for low cycle fatigue 
resistance, where fatigue life can be sensitive to both mean and as-large-as (ALA) grain size (refs. 4 
and 7). 

The objective of this study was to perform forging and heat treatment experiments 
(“thermomechanical processing” or “TMP” experiments) on small compression test specimens of 
extruded LSHR material, in order to identify viable forging process conditions allowing uniform fine 
grain and coarse grain microstructures after the appropriate heat treatments. Selected forging conditions 
could then be applied to a production-size forging. 


Material and Procedure 

Specimen machining, testing, and heat treatments were performed by Wyman-Gordon Forgings, 
Houston, Texas. A 28 mm thick cross-section of a 15.3 cm diameter extrusion was removed using an 
abrasive disk saw. Specimen blanks were then electrodischarge machined along a 7.6 cm diameter 
circle centered in the cross section. Fifteen right circular cylinder (RCC) specimens having a diameter 
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of 12.3 mm and length of 19 mm were then machined. RCC specimens have fairly uniform strain and 
strain rate as a function of location within the specimen interior when compression tested. Two double 
cone (DC) specimens were also machined according to figure 1 (ref. 4). DC specimens have varying 
strains and strain rates as a function of interior location when compression tested. The matrix of test 
conditions for the RCC and DC specimens is illustrated in figure 2. RCC specimens were tested at three 
temperatures of 1050, 1080, and 1 1 10 °C using 3 strain rates of 0.0003, 0.003, and 0.03 sec -1 , after being 
presoaked at the test temperature for times of 1 to 8 h. This design of experiments (DOE) represents a 
central composite statistical test matrix, but includes no repeats of the center point. All RCC tests were 
continued to an upset of at least 50 percent, and true strain of 0.70. DC specimens were tested at 1080 °C 
and two extreme approximate strain rates of 0.0003 and 0.03 sec -1 after a 3h presoak. All DC tests were 
also continued to an upset of 50 percent. 

After the tests, all specimens were sliced into four quarters. Single quarters of each specimen were 
heat treated together on a tray in a resistance heated furnace using subsolvus heat treatments of 1 135 °C 
for 1 and 4h. Second quarters were given simple supersolvus heat treatments of 1 171 °C for 1 and 4 h. 
Third quarters were give a compound heat treatment consisting of a subsolvus solution heat treatment of 
1135 °C/lh, followed by supersolvus treatments of 1 171 °C for 1 and 4h. Heat treated and as-forged 
quarters were then sectioned, metallographically prepared, and swab etched using Kallings reagent. Five 
fields near the center of the forging specimen were measured to determine mean grain size (G) in each 
case, using a circular overlay grid according to ASTM El 12. The largest grain observed on each 
metallographic section was measured for ALA grain size according to ASTM E930. Statistical 
evaluations of flow stress and grain sizes were then performed. Controlled variables were orthogonally 
scaled to standardized form in all cases, using the relationship vf = (Vi - v mid )/(0.5*(v max - v min )). This 
produced a range for each standardized variable of-1 to +1, and gave standardized variables for 
temperature (T'), log presoak time (log(P')), log strain rate (log(R)'), and log solution time (log(S)') of: 

T' = (T - 1080)/30 
log(P)' = (log(P)-4.5)/3.5 
log(R)' = (log(R) + 2.523)/l 
l°g(Sy = (l°g(S) - 2.5)/1.5 

Regression model equations were derived by comparing the results of both forward and reverse 
stepwise term selection, with a 90 percent probability of significance required for term inclusion. After 
model selection, analysis of variance and residuals were examined to assess goodness of fit and 
normality. The effect of each significant variable on the response after adjustment for other variables 
(“adjusted effects”) was then directly assessed. Finally, predicted responses and confidence intervals were 
also examined for each response at centerpoint and extreme variable values. 


Results and Discussion 

Forging Stress-Strain Response 

Typical engineering stress-strain curves are shown for RCC tests, and load-displacement curves for 
DC tests are shown in figures 3 to 6. Stress at a given strain clearly increased with increasing strain rate 
and presoak temperature, and decreased with increasing temperature. Flow stress at a true strain of 0.5 for 
each RCC test was employed for regression analyses. Plots of this flow stress (S) vs. log (strain rate) are 
shown for the various test temperatures and presoak times in figure 7. A strong dependence of flow stress 
with strain rate and temperature is obvious. Reverse stepwise selection linear regression of log (stress) on 
temperature, log (presoak time), log (strain rate), and their interactive products were performed. The 
resulting linear regression equation was: 


NASA/TM— 2005-2 13645 


2 



log(stress) = 1.595152 - 0.08334T' + 0.05625 llog(P)' + 0.4310001og(R)', 


( 1 ) 


with a correlation coefficient R 2 a dj = 0.9759 and rms error = 0.05867. The complete statistical output is 
included in appendix A-l. This equation indicated flow stress moderately decreased with increasing 
temperature, strongly increased with increasing strain rate, and moderately increased with increasing 
presoak time for the range of conditions investigated. This result is favorable for producibility, as average 
and local strain rate can be well-controlled and modeled in modern isothermal forging operations, while 
small variations in the actual presoak time and temperature of each forging would be permissible without 
large influence on flow stress. A plot of the predicted and actual flow stress indicated very good 
agreement, figure 8. 

It is highly preferable that the alloy exhibit superplastic flow during a forging process. This allows 
complete flow of the material into all forging die cavities with uniform strain and strain rates in the disk, 
while minimizing the buildup of stresses in the dies. Superplastic flow is present when a material exhibits 
high strain rate sensitivity (m), as usually defined by the relationship a = K(ds/dt) m . A material is 
considered superplastic in deformation conditions where a strain rate sensitivity m of at least 0.3 is 
observed. The strain rate sensitivity m was evaluated by fitting linear regression equations to the log 
(stress) data as a function of log (strain rate) at constant temperatures and presoak times, according to the 
equation: 


log(a) = log K + m log(de/dt) (2) 

The resulting plot and equations are shown in figure 9. The strain rate sensitivity m was defined by the 
slope of each line and remained well above 0.3 for all conditions. The material therefore exhibited 
superplastic flow for the evaluated conditions. 


Grain Size Response 

1 . As-Forged . — Images of the typical microstructures observed for all specimens in the as-forged 
state are compared in figures 10 to 12, and suggest only minor variations in grain size with forging 
conditions. The images are arranged as isotherms of the DOE in order to indicate the prior forging 
temperatures, strain rates, and presoak times. The macrostructures of as-forged RCC and DC specimens 
appeared uniform in all cases. Mean grain size at the center of DC specimens in figure 13 appeared 
comparable to that of RCC specimens tested at the equivalent approximated strain and strain rate 
conditions. Plots of as-forged mean grain size (AFG) versus log (strain rate) at various temperatures (T) 
and presoak times (P) of the RCC specimens are shown in figure 14. Mean grain size number appeared to 
moderately decrease with increasing temperature. Stepwise linear regression of mean ASTM grain size 
number on temperature, log (presoak time), log (strain rate), and their interactive products was performed. 
The resulting linear regression equation indicated as-forged grain size number (AFG) only significantly 
decreased with increasing temperature for the range of conditions investigated, according to the equation: 

AFG = 12.1 - 0.39 T', (3) 

with a correlation coefficient R 2 ad j =0.3938 and rms error = 0.3882. The complete statistical output is 
given in appendix A-2. A plot of the predicted and actual mean grain size indicated reasonable 
agreement, figure 15. 

2. Subsolvus Heat Treatment Response . — Images of the typical microstructures produced after 
subsolvus solution heat treatments of 1 135 °C for 1 and 4 hours are shown in figures 16 to 21. Mean grain 
size at the center of DC specimens in figure 22 again appeared comparable to that of RCC specimens 
tested at the equivalent approximate strain and strain rate conditions. Plots of mean grain size versus 
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log (strain rate) at various temperatures, presoak times, and solution heat treat times of the RCC 
specimens are shown in figure 23. Mean grain size number appeared to decrease with increasing 
temperature and solution heat treatment time. Stepwise linear regression of mean grain size number on 
temperature, log (presoak time), log (strain rate) and log (solution time) was performed. The resulting 
equation indicated subsolvus mean grain size number (SBG) strongly decreased with increasing 
log(solution time), and moderately decreased with increasing temperature, log (strain rate), and log 
(presoak time) for the range of conditions investigated, according to the equation: 

SBG = 10.803077 - 0.120 T’ - 0.0120009 log(R)’ - 0.165107 log(P)’ - 0.560037 log(S)’ 

- 0.2125 T’ log(R)’ - 0.140009 log(R)’ log(S)’, (4) 

with a correlation coefficient of R 2 a dj = 0.8755 and rms error = 0.2355. The T’ log(R)’ interaction term 
indicated enhanced subsolvus grain growth for combinations of high temperature and high log (strain 
rate). The log (R)’ log (S)’ interaction term indicated enhanced subsolvus grain growth for combinations 
of high log (strain rate) and high log (solution time). The complete statistical output is given in appendix 
A-3. A plot of predicted and actual mean grain size indicated very good agreement, figure 25. 

The macrostructures of subsolvus heat treated specimens were appeared uniform in all cases, 
suggesting well-controlled grain size. Plots of observed ALA subsolvus grain size versus log (strain rate) 
at various temperatures, presoak times, and solution times for the RCC specimens are shown in 
figure 24. No consistent trends are visually apparent. The results of linear regression with stepwise 
selection of terms indicated (appendix A^l) ALA subsolvus grain size number (SBALA) only 
significantly decreased with increasing log (strain rate) for the range of conditions investigated: 

SBALA = 7.65 - 0.525 log(R)’, (5) 

with a poor correlation coefficient of R 2 a dj = 0.1920 and rms error = 0.8359. A plot of predicted and actual 
grain size number indicated only modest agreement, figure 25. 

Supersolvus Heat Treatment Response . — The microstructures of supersolvus heat treated specimens 
are shown in figures 26 to 32. Mean grain size at the center of DC specimens again appeared comparable 
to that of RCC specimens tested at the equivalent approximated strain and strain rate conditions. Plots of 
mean grain size number vs. log (strain rate) are shown for the various temperatures, presoaks, and 
solution heat treat times of the RCC specimens in figure 33. Mean grain size number appeared to decrease 
with increasing forging temperature. Linear regression using stepwise selection of terms indicated 
(appendix A-5) supersolvus mean grain size number (SPG) only moderately decreased with increasing 
temperature, log(presoak time), and log(solution time) for the range of conditions investigated according 
to the equation: 


SPG - 5.966475 - 0.275 T’ - 0.167369 log(P)’ - 0.0223348 log(S)’, (6) 

with a relatively low correlation coefficient of R 2 a dj = 0.3439 and rms error = 0.4429. This suggested a 
relatively stable mean grain size for the ranges of conditions tested. However, inspection of figure 33 
indicates more divergence in grain size at the highest forging temperature of 1 1 10 °C. A plot of predicted 
and actual grain size number showed fair agreement, figure 34. 

The macrostructures of supersolvus heat treated specimens are shown in figures 35 to 41. Reduced 
uniformity and large grains are evident for specimens forged at 1 1 10 °C and a strain rate of 0.03 s The 
“rims” of DC specimens tested at 1080 °C and 0.03 s” 1 approximated average strain rate also show large 
grains. Plots of ALA grain size number vs. log(strain rate) at various presoaks and solution times for the 
RCC specimens are shown in figure 42. Stable ALA grain sizes are evident for all specimens forged at 
1050 and 1080 °C. However, very low ALA grain size numbers corresponding to large grain are present 
for specimens forged at 1 1 10 °C and a strain rate of 0.03 s Linear regression would be expected to have 


NASA/TM— 2005-2 13645 


4 



difficulty handling such sharp, isolated changes in response. However, a relationship for supersolvus 
ALA grain size number (SPALA) could be derived by stepwise selection (appendix A-6): 

SPALA - 1.696504 - 1.166139 T’ - 1.191710 log(R)’ - 0.698321 log(P)’ 

- 1.3125 T log(R)’ -0.783 T log(P)’ - 0.732556 log(R)’ log(P)’, (7) 

with a correlation coefficient of R 2 ad j = 0.5347 and rms error = 1.689. In this equation, SPALA number 
decreased with increasing temperature, log (strain rate) and log (presoak time). The T’ log (R)’ interaction 
term indicated enhanced ALA grain growth for combinations of high temperature and high log (strain 
rate). The T’ log (P)’ interaction term indicated enhanced ALA grain growth for combinations of high 
temperature and high log (presoak time). The log (R)’ log (P)’ interaction term indicated enhanced ALA 
grain growth for combinations of high log (strain rate) and high log (presoak time). This equation fit was 
strongly influenced by the critical grain growth occurrences, and a plot of predicted and actual grain size 
number showed only fair agreement, figure 43. However, the equation clearly signifies that the 
combination of 1 1 10 °C and strain rate of 0.03 s” 1 should be avoided. 

Combined Subsolvus + Supersolvus Heat Treatment Response. — The microstructures of subsolvus 
+ supersolvus heat treated specimens are shown in figures 44 to 50. Mean grain size at the center of DC 
specimens again appeared comparable to that of RCC specimens tested at the equivalent approximated 
strain and strain rate conditions. Plots of mean grain size number vs. log (strain rate) are shown for the 
various temperatures, presoaks, and solution heat treatment times of the RCC specimens in figure 51. No 
consistent trends are visually obvious in these figures. Linear regression with stepwise selection of terms 
indicated (appendix A-7) mean subsolvus + supersolvus grain size number (SBPG) varied for the range 
of conditions investigated according to the equation: 

SBPG = 5.91332 - 0.193346 log(S)’ + 0.31875 T’ log(R)\ (8) 

with a correlation coefficient of R 2 ad j = 0.3733 and rms error = 0.3775. This again suggested a relatively 
stable mean grain size for the ranges of conditions tested. The equation indicated SBPG number 
decreased with increasing log (solution time). The T’ log (R)’ interaction term indicated enhanced grain 
growth for combinations of low log (strain rate) with high temperature, and high log(strain rate) with low 
temperature. A plot of predicted versus actual mean grain size in figure 52 showed reasonable agreement. 

The macrostructures of subsolvus + supersolvus heat treated specimens are shown in figures 53 to 59. 
Plots of ALA grain size number vs. log (strain rate) at various presoaks and solution times for the RCC 
specimens are shown in figure 60. As for supersolvus heat treated specimens, ALA grain size was 
relatively stable for most conditions. The “rims” of DC specimens tested at 1080 °C and 0.03 s” 1 
approximated average strain rate also now showed stable ALA grain growth with the combined subsolvus 
plus supersolvus heat treatment, unlike the supersolvus heat treatment case. However, for the combination 
of 8h forging presoak, 1110 °C, and 0.03 s” 1 strain rate, very low ALA grain size numbers corresponding 
to very large grains are evident in the plots and macrostructures. These few critical grain growth 
occurrences in RCC specimens again strongly influenced the linear regression, producing a complex 
relationship (appendix A-8) for subsolvus + supersolvus ALA grain size number (SBPALA) for the range 
of conditions investigated: 

SBPALA = 1.862922 - 0.66806 T’ - 0.542313 log(R)’ -0.685123 log(P)’ 

- 0.613291 T’ log(P)’ - 0.679285 log(R)’ log(P)’, (9) 

with a relatively low correlation coefficient of R 2 ad j = 0.3039 and rms error = 1.466. This indicated ALA 
grain size number decreased with increasing temperature, log (strain rate), and log (presoak time). The 
log (R)’ log (P)’ interaction term again indicated enhanced ALA grain growth for combinations of high 
log (strain rate) and high log (presoak time). This equation fit was again strongly influenced by the critical 
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grain growth occurrences, but a plot of predicted and actual grain size number showed fair agreement, 
figure 61. However, the equation produced less satisfactory ALA grain size predictions for critical grain 
growth conditions than in the supersolvus heat treatment case. 

Selection of Appropriate Forging Conditions for Uniform Microstructures. — In general terms, as- 
forged, subsolvus, supersolvus, and subsolvus plus supersolvus mean and as-large-as grain sizes were 
smallest for the lowest forging temperature of 1050 °C, and were relatively insensitive to strain rate and 
presoak time at that temperature. As-forged, subsolvus, supersolvus, and subsolvus plus supersolvus 
mean and as-large-as grain sizes were largest for the highest forging temperature of 1 1 10 °C, and were 
more sensitive to strain rate and presoak time. The intermediate forging temperature of 1080 °C allowed 
intermediate mean and as-large-as grain sizes, with still relatively low strain rate and presoak time 
sensitivity. This would generally argue for a forging temperature range of 1050 to 1080 °C, to insure 
uniform microstructures while allowing some random variations in exact temperature and presoak times 
expected during production runs, and systematic variations in strain rate expected within forging dies. 

The microstructures of subsolvus heat treated specimens were generally quite uniform over the entire 
range of forging conditions investigated. However, mean subsolvus grain size was least sensitive to strain 
rate and presoak time for the forging temperature range of 1050 to 1080 °C. As-large-as subsolvus grain 
size was also minimized over this forging temperature range. Therefore selection of this forging 
temperature range for material intended for subsolvus heat treatment would allow full latitude in strain 
rate and presoak time within the range of conditions investigated. Increasing subsolvus solution heat treat 
time from 1 to 4 hours allowed some coarsening of mean grain size number from near 1 1.5 (6.7 pm) to 
near 10.5 (9.4 pm), without adversely increasing as-large-as grain size. 

The microstructures of supersolvus heat treated specimens were generally uniform over the 
temperature range of 1050 to 1080 °C for the forging conditions investigated. Mean supersolvus grain 
size remained near 6.0 (45 pm) and was not usually sensitive to strain rate and presoak time for this 
forging temperature range. As-large-as supersolvus grain size was also minimized to near 2 (180 pm) 
over this forging temperature range for the right circular cylinder specimens. For double cone specimens 
tested at 1080°C and an approximated strain rate of 0.03 s _1 , a divergence in response was observed 
between supersolvus and subsolvus plus supersolvus heat treatments. Supersolvus heat treated DC 
specimens exhibited critical grain growth to produce very large grains up to -6 (3100 pm) in the rims 
of DC specimens, while subsolvus plus supersolvus heat treatments minimized their as-large-as grain 
size to 2 (180 pm). The highest localized strain rates induced in the rims of DC specimens apparently 
encouraged enhanced deformation in the microstructure, to encourage the critical grain growth in direct 
supersolvus heat treatments as observed for Rene' 88DT (ref 4). Addition of a prior subsolvus heat 
treatment step before the supersolvus heat treatment apparently helps anneal out some of this localized 
forging deformation (ref. 3). For these reasons, forging at 1050 to 1080 °C would be advisable, followed 
by a subsolvus plus supersolvus heat treatment to achieve a uniform micro structure with mean grain size 
near 6.0 (45 pm) and as-large-as grain size minimized to 2.0 (180 pm). This would allow forging 
presoaks of 1 to 8 hours and strain rates of 0.0003 to 0.03 s _1 without adverse effects. 

At 1 1 10 °C, mean supersolvus grain size was more sensitive to strain rate and presoak time. Slower 
strain rates and longer presoak times allowed coarser mean supersolvus grain size near 5 (65 pm). This 
trend of coarser mean supersolvus grain size with higher forging temperature, slower strain rates, and 
longer presoak times has been previously observed in another powder metallurgy disk superalloy (ref. 6). 
As-large-as grain size remained near 2 (180 pm) at strain rates of 0.0003 to 0.003 s _1 , but critical grain 
growth produced very large grains for a forging strain rate of 0.03 s Therefore, forging at this 
temperature followed by a subsolvus plus supersolvus heat treatment could be used to achieve a 
coarser mean grain size near 5.0, provided that the forging strain rates are maintained between 0.0003 
and 0.003 s Forging presoak times between 1 and 8 h would be allowable in these conditions. 

Comparison of TMP Specimen and Disk Forging Results. — The forging condition 
recommendations based on TMP test results were compared to disk forging results for the supersolvus 
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case, where grain size control can be more critical for high temperature applications. Grain size control 
can be especially important in low cycle fatigue resistance, where coarser grain size can reduce fatigue 
life (refs. 4 and 7). An extrusion mult 16.5 cm in diameter and 20 cm long was forged at 1080 °C after a 
presoak time of 3 hours, using an average strain rate of 0.003 s The mult was forged to a final height of 
4 cm, representing an 80 percent upset. This forged disk was then given a subsolvus solution heat 
treatment of 1 135 °C/lh, followed by a supersolvus treatment of 1 171 °C for 3 hours. Equation 8 
predicted a mean grain size of 5.8 (48 pm) for these conditions, while equation 9 predicted an as-large-as 
grain size of 1.8 (190 pm). Measurements on duplicate specimens extracted from the disk indicated mean 
grain sizes of 6.7 (35 pm) and 7.2 (30 pm). As-large-as grain sizes were 2.5 (150 pm) and 3.0 (125 pm). 
The experimental forging grain size results were conservatively finer than those predicted using the TMP 
specimen data, and quite satisfactory. The finer grain sizes observed in the disk could be related to the 
much greater forging upset of 80 percent and true strain of 1.6 in the disk forging, compared to the 
50 percent upset and true strain of 0.7 percent incurred in TMP test specimens. The higher strains within 
the forging could encourage more grain recrystallization, for finer resulting heat treated grain sizes. 


Summary and Conclusions 

A series of forging experiments were performed with subsequent subsolvus and supersolvus heat 
treatments, in search of suitable forging conditions for producing uniform fine grain and coarse grain 
microstructures. Forging temperatures of 1050 to 1 1 10 °C and strain rates of 0.0003 to 0.03 s” 1 were used, 
after presoaks of lh to 8h. Subsolvus, supersolvus, and combined subsolvus plus supersolvus heat 
treatments were then applied with final solution times of lh or 4h. The findings over this range of test 
conditions can be summarized as follows: 

1) The material displayed the desired superplastic response under these compression testing conditions. 

2) Forging flow stress strongly increased with increasing strain rate, but only moderately increased with 
decreasing temperature and increasing presoak time. 

3) As-forged grain size number varied between 13.0 and 1 1.4 (4.0 and 7.0 pm), and only moderately 
coarsened with increasing temperature. 

4) Subsolvus heat treated mean grain size number varied between 12 and 9.5 (5.6 and 13 pm), strongly 
coarsened with increasing log (solution time), and moderately coarsened with increasing temperature, 
log (strain rate), and log (presoak time). 

5) Subsolvus as-large-as grain size number was very well controlled at between 9.5 and 5.5 (13 and 
55 pm), and only significantly coarsened with increasing log (strain rate). 

6) Supersolvus heat treated mean grain size number varied between 6.6 and 4.2 (36 and 85 pm), and 
substantially coarsened with increasing temperature, log (presoak time), and log (solution time). 

7) Supersolvus as-large-as grain size number varied between 4.0 and -6.5 (90 and 3100 pm), and 
substantially coarsened with increasing temperature, log (strain rate) and log (presoak time). 

8) Subsolvus plus supersolvus heat treated mean grain size number varied between 6.8 and 5.0 (34 and 
65 pm), and coarsened with increasing log (solution time). 

9) Subsolvus plus supersolvus heat treated as-large-as grain size number varied between 3.5 and 
-6.0 (105 and 2600 pm), and coarsened with increasing temperature, log (strain rate), and log 
(presoak time). 

10) Forging conditions combining high temperature, high presoak time, and high strain rate produced 
very large, macroscopic grains. 
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It can be concluded from this work that: 


1) Forging at temperatures of 1050 to 1080 °C over the full range of presoak times and strain rates 
investigated is recommended to achieve mean grain sizes of 10.5 to 1 1.5 and ALA grain sizes of 
6.5 for applications utilizing subsolvus heat treatments. 

2) Forging at temperatures of 1050 to 1080 °C over the full range of presoak times and strain rates 
investigated is recommended to achieve mean grain size near 6.0 and as-large-as grain size of 2.0, for 
applications utilizing a subsolvus plus supersolvus heat treatment. 

3) Alternatively forging near 1 1 10 °C over the full range of presoak times and strain rates of 0.0003 to 

0.003 s” 1 is recommended to achieve coarser mean grain size near 5.0 and as-large-as grain size of 
2.0, when using a subsolvus plus supersolvus heat treatment. 

4) Forging at 1050 to 1080 °C and strain rates of 0.0003 to 0.003 s” 1 is recommended for material 
intended for direct supersolvus heat treatments, in order to avoid critical grain growth. 
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Figure 1. — Double cone specimen configuration, 
with dimensions in millimeters. 


NASA/TM — 2005-2 13649 


9 



flj 

3 



rc 

S_ 

<D 

Q. 

E 

(D 


NASA/TM— 2005-2 1 3649 


10 


Figure 2. — Diagram showing the design of experiments with experimental conditions. 
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Figure 3. — Compression test stress-strain responses at 1050 °C. 
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Figure 4. — Compression test stress-strain responses at 1080 °C. 
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Figure 5. — Compression test stress-strain responses at 1 1 10 °C. 
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Figure 6. — Compression test stress-displacement responses for double cone specimens at 1080 °C. 
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Figure 7. — Compression test true flow stress vs. strain rate. 
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Figure 9. — Log (flow stress) vs. log (strain rate) plots with superplasticity (m) determinations. 
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Figure 10. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak times and strain rates. 


As-Forged 1080 °C 



00 


00 


NASA/TM— 2005-2 13649 


18 


Figure 11. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak times and strain rates. 
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As-Forged DC Specimens 1080 
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Figure 13. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak 

times and approximate average strain rates. 



’rr ■: "i c-i 


CD 

CD 


CD 

CD 

CD 


CD 

CD 


CD 


lo 


Z/2 


0 'aZTS UTEJQ UE9IAJ 



Tf cn r4 


o ‘azig urejQ ueaiAj 



CD 

CD 


CD 

CD 

CD 


CD 

CD 


CD 


CD 

CD 

CD 


CD 

CD 

CD 

CD 


iD' O 
"Si o 

(3 O 

Cj 00 

■a O 


r.'j 


d' O 
"Si o 

3 O 

c! m 

■a o 


r/j 


o3 

5-h 

<D 

I 

<D 

§ 


S 

2 

a 

bD 

g 

’3b 

5-h 

cS 

<D 

O 

.g 

(D 

E 

<8 


o3 

5-h 

.g 

3 


<D 

N 


2 

bD 

"T3 

<D 

b0 

«s 

I 

cn 

o3 

§ 

<D 


<D 


bX) 

E 



9 ‘azig utejq uoissajSa-y 


£) UTEJQ UE3IAI 


NASA/TM— 2005-2 13649 


21 


Figure 15. — Comparison of actual vs. 
regression as-forged mean grain sizes. 
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0.0003 s' 1 0. 003 s' 1 0.03 s 1 

Figure 16. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then subsolvus solution heat treated lh. 
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Figure 17. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then subsolvus solution heat treated 4h. 
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Figure 18. Typical microstructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then subsolvus solution heat treated lh. 


SUB4 1080 °C 



NASA/TM— 2005-2 13649 


25 


Figure 19. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then subsolvus solution heat treated 4h. 
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Figure 20. — Typical microstructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then subsolvus solution heat treated lh. 
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Figure 21. Typical microstructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then subsolvus solution heat treated 4h. 
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Figure 22. — Typical microstructures of double cone specimens forged at 1080 °C with the indicated 
approximate average strain rates, then subsolvus solution heat treated 1 and 4h. 
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Figure 23. — Mean grain size vs. strain rate for the indicated forging presoak times and 
temperatures, with subsequent lh and 4h subsolvus solution heat treatments. 
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Figure 24. — As-large-as grain size vs. strain rate for the indicated forging presoak times 
and temperatures, with subsequent 1 and 4h subsolvus solution heat treatments. 
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Figure 25. — Comparison of actual vs. regression subsolvus heat treated grain sizes: 
a) mean grain sizes, b) as-large-as grain sizes. 
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Figure 26. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated lh. 
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Figure 27. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated 4h. 
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Figure 28. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated lh. 


SUP4 1080 °C 



NASA/TM— 2005-2 13649 


35 


Figure 29. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated 4h. 



Doom idns 



00 


CO 


NASA/TM— 2005-2 13649 


36 


Figure 30. — Typical microstructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated lh. 
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Figure 31. — Typical microstructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated 4h. 
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Figure 32. — Typical microstructures of double cone specimens forged at 1080 °C with the indicated 
approximate average strain rates, then supersolvus solution heat treated 1 and 4h. 
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Figure 33. — Mean grain size vs. strain rate for the indicated forging presoak times and 
temperatures, with subsequent lh and 4h supersolvus solution heat treatments. 



Figure 34. — Comparison of actual vs. regression 
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Figure 35. — Typical macrostructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated lh. 
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Figure 36. — Typical macrostructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated 4h. 
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Figure 37. — Typical macrostructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated lh. 
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Figure 38. — Typical macrostructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated 4h. 
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Figure 39. — Typical macrostructures of specimens forged at 1 1 10 °C with the indicated 
presoak times and strain rates, then supersolvus solution heat treated lh. 
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Figure 40. — Typical macrostructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then supersolvus solution heat treated 4h. 
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Figure 41. — Typical macrostructures of double cone specimens forged at 1080 °C with the indicated 
approximate average strain rates, then supersolvus solution heat treated 1 and 4h. 




CT 1050C, ST 1171 C/4h , CT 1080C, ST 1171C/4h CT 1 1 IOC, ST 1 171C/4h 




CD 


CD 


CD 

CD 

CD 


CD 

CD 

CD 

CD 


O 

r . o 



Z/2 


3ZTg utejq yqy 


3ZTg UTEJQ yqy 


♦ 






♦ 1=8 

3 






td td 

o o 

3 

1 o 

♦ 




i i i 

iD iD <D 

P-.P-.D-, 

-r^ i^H 

’ — i t* - ! CO 

□ ♦ < 


i i i I i i i I i i i 1 1 i i i i i i i 


c-i i=i c-i ’r|- '-ci co 

i i i i 

3zts ureao V1V 



di 


CD 

CD 


CD 

CD 


CD 

CD 


£ 


o 

o 

O 

00 

o 




CD 


CD 

CD 


CD 

CD 

CD 


O -J 

id' 

I 


r.-j 


o 

o 

o 

in 

o 


9ZI£ UTEJ£) V1V 


3ZI£ UTEJ£) V1V 


NASA/TM— 2005-2 13649 


48 


Figure 42. — As-large-as grain size vs. strain rate for the indicated forging presoak times and 
temperatures, with subsequent lh and 4h supersolvus solution heat treatments. 
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Figure 43. — Comparison of actual vs. regression 
supersolvus heat treated as-large-as grain sizes. 
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Figure 44. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus lh supersolvus solution heat treated. 
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Figure 45. — Typical microstructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus 4h supersolvus solution heat treated. 
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Figure 46. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus lh supersolvus solution heat treated. 
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Figure 47. — Typical microstructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus 4h supersolvus solution heat treated. 
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Figure 48. — Typical microstructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus lh supersolvus solution heat treated. 
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Figure 49. — Typical microstructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus 4h supersolvus solution heat treated. 
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Figure 50. — Typical microstructures of double cone specimens forged at 1080 °C with the indicated approximate 
average strain rates, then lh subsolvus plus lh and 4h supersolvus solution heat treated. 
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Figure 51. — Mean grain size vs. strain rate for the indicated forging presoak times and temperatures, 
with subsequent lh subsolvus plus lh and 4h supersolvus solution heat treatments. 


ST 1135C+1171C 



Figure 52. — Comparison of actual vs. regression subsolvus 
plus supersolvus heat treated mean grain sizes. 


NASA/TM— 2005-2 13649 


58 


SUBP1 1050 °C Macro 



CO 


co 


NASA/TM— 2005-2 13649 


59 


Figure 53. — Typical macrostructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus lh supersolvus solution heat treated. 
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Figure 54. — Typical macrostructures of specimens forged at 1050 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus 4h supersolvus solution heat treated. 
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Figure 55. — Typical macrostructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus lh supersolvus solution heat treated. 
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Figure 56. — Typical macrostructures of specimens forged at 1080 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus 4h supersolvus solution heat treated. 
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Figure 57. — Typical macrostructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus lh supersolvus solution heat treated. 
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Figure 58. — Typical macrostructures of specimens forged at 1 1 10 °C with the indicated presoak 
times and strain rates, then lh subsolvus plus 4h supersolvus solution heat treated. 
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Figure 59. — Typical macrostructures of double cone specimens forged at 1080 °C with the indicated approximate 
average strain rates, then lh subsolvus plus lh and 4h supersolvus solution heat treated. 
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Figure 60. — As-large-as grain size vs. strain rate for the indicated forging presoak times and temperatures, 
with subsequent lh subsolvus plus lh and 4h supersolvus solution heat treatments. 
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Figure 61. — Comparison of actual vs. regression subsolvus 
plus supersolvus heat treated as-large-as grain sizes. 
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Appendix A 
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A-l. — Input data table used for flow stress regression. 


Least Squares Coefficients, Response LfS, Model DESIGN 
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A-l. — Log flow stress regression results. 
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A-l. — Log flow stress regression results. 
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fitted Ualues 

A-l. — Log flow stress regression results. 


Normal Probability Plot of Residuals of LfS 
Using Studentized Residuals in Model TMPLPLSTRESS 
(Sample size = 15) 
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Residuals of LfS 

A-l. — Log flow stress regression results. 


LOGFLOWSTRESS us TEMPERATURE, Adjusted for Remaining Predictors 
Using Mulreg @TMPSTRESS@MULREG , Model TMPLPLSTRESS 
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Adjusted Data Ualues 
Adjusted Fitted Curue 


LOGFLOUSTRESS us LOGPRESOAK , Adjusted for Remaining Predictors 
Using Mulreg @TMPSTRESS@MULREG , Model TMPLPLSTRESS 
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A-l. — Log flow stress regression results. 


Predictions and 95 % simultaneous confidence intervals 
for mean responses of LOGf LOUSTRESS using model TMPLPSTRESS 
LP = 0.45771 
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A-l. — Log flow stress regression results. 
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A-2. — As-Forged grain size regression results. 
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A-2. — As-Forged grain size regression results. 


Case Order Graph of Residuals of AFG 
Using Studentized Residuals in Model TMPAFG 
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A-2. — As-Forged grain size regression results. 


Normal Probability Plot of Residuals of APG 
Using Studentized Residuals in Model TMPAPG 
(Sample size = 15) 
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A-2. — As-Forged grain size regression results. 


Mulreg QTMPSTRESSQMULREG , Model TMPAFG 
Main Effects on Response AFGRAINSIZE 
(with 9S% Confidence Intervals) 
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Predictions and 95% simultaneous confidence intervals 
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A-2. — As-Forged grain size regression results. 
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A-3. — Subsolvus mean grain size regression results. 



Least Squares Coefficients, Response SBG, Model DESIGN 
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A-3. — Subsolvus mean grain size regression results. 
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A-3. — Subsolvus mean grain size regression results. 


Case Order Graph of Residuals of SBG 
Using Studentized Residuals in Model TMPSUBGS 
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A-3. — Subsolvus mean grain size regression results. 


Normal Probability Plot of Residuals of SBG 
Using Studentized Residuals in Model TMPSUBGS 
(Sample size = 30) 
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Residuals of SBG 

A-3. — Subsolvus mean grain size regression results. 


SUBGS us TEMPERATURE , Adjusted for Remaining Predictors 
Using Mulreg 0TMPSTRESS0MULREG , Model TMPSUBGS 
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□ Adjusted Data Ualues 
Adjusted Fitted Curue 

A-3. — Subsolvus mean grain size regression results. 


SUBGS us LOGPRESOAK , Adjusted for Remaining Predictors 
Using Mulreg QTMPSTRESSQMULREG , Model TMPSUBGS 



□ Adjusted Data Ualues 
Adjusted Fitted Curue 

A-3. — Subsolvus mean grain size regression results. 


Mulreg BTMPSTRESSBMULREG , Model TMPSUBGS 
Interaction Effects of TEMPERATURE with LOGSTRAINRATE 
On Response SUBGS 



A-3. — Subsolvus mean grain size regression results. 


Mulreg UTMPSTRESSdMULREG , Model TMPSUBGS 
Main Effects on Response SUBGS 
(with 95 % Confidence Intervals) 
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A-3. — Subsolvus mean grain size regression results. 
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A-4. — Subsolvus as-large-as grain size regression results. 



MODEL TMPSUBALA 
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A-4. — Subsolvus as-large-as grain size regression results. 




Case Order Graph of Residuals of SBA 
Using Studentized Residuals in Model TMPSUBALA 
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fitted Ualues 

A-4. — Subsolvus as-large-as grain size regression results. 


Normal Probability Plot of Residuals of SBA 
Using Studentized Residuals in Model TMPSUBALA 
(Sample size = 30) 
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A-4. — Subsolvus as-large-as grain size regression results. 


Mulreg @TMPSTRESS@MULREG , Model TMPSUBALA 
Main Effects on Response SUBALA 
(with 95 % Confidence Intervals) 
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□ Adjusted Data Ualues 
Adjusted fitted Curue 

A-4. — Subsolvus as-large-as grain size regression results. 


Predictions and 95 % simultaneous confidence intervals 
for mean responses of SUBALfl using model TMPSUBflLfl 
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A-4. — Subsolvus as-large-as grain size regression results. 


Tern Coeff. Std. Error T-ualue Signif. Transformed Term 
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A-5. — Supersolvus mean grain size regression results. 




Source df Sun Sq. Mean Sq. F-Ratio Signif. Source df Sun Sq. Mean Sq. F-Ratio SigniF. TransForned 
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A-5. — Supersolvus mean grain size regression results. 


Case Order Graph of Residuals of SPG 
Using Studentized Residuals in Model TMPSUPGS 
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A-5. — Supersolvus mean grain size regression results. 


Normal Probability Plot of Residuals of SPG 
Using Studentized Residuals in Model TMPSUPGS 
(Sample size = 30) 
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A-5. — Supersolvus mean grain size regression results. 


SUPGS us TEMPERATURE, Adjusted for Remaining Predictors 
Using Mulreg 0TMPSTRESSQMULREG , Model TMPSUPGS 
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A-5. — Supersolvus mean grain size regression results. 


SUPGS us LOGSOLNTIME , Adjusted for Remaining Predictors 
Using Mulreg @TMPSTRESS@MULREG , Model TMPSUPGS 
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A-5. — Supersolvus mean grain size regression results. 
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A-6. — Supersolvus as-large-as grain size regression results. 


MODEL TMPSUPALA 
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A-6. — Supersolvus as-large-as grain size regression results. 




Case Order Graph of Residuals of SPA 
Using Studentized Residuals in Model TMPSUPALA 
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fitted Ualues 

A-6. — Supersolvus as-large-as grain size regression results. 


Normal Probability Plot of Residuals of SPA 
Using Studentized Residuals in Model TMPSUPALA 
(Sample size = 30) 
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Residuals of SPA 

A-6. — Supersolvus as-large-as grain size regression results. 


Mulreg QTMPSTRESSQMULREG , Model TMPSUPALA 
Main Effects on Response SUPALA 
(with 95 % Confidence Intervals) 
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□ Adjusted Data Ualues 
Adjusted fitted Curve 

A-6. — Supersolvus as-large-as grain size regression results. 


SUPALA us LOGSTRAINRATE , Adjusted for Remaining Predictors 
Using Mulreg QTMPSTRESSQMULREG , Model TMPSUPALA 



□ Adjusted Data Ualues 
Adjusted Fitted Curue 

A-6. — Supersolvus as-large-as grain size regression results. 


Mulreg UTMPSTRESSGMULREG , Model TMPSUPALA 
Interaction Effects of TEMPERATURE with LOGSTRAINRATE 
On Response SUPALA 
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A-6. — Supersolvus as-large-as grain size regression results. 


Mulreg @TMPSTRESS@MULREG , Model TMPSUPALA 
Interaction Effects of LOGSTRAINRATE with LOGPRESOAK 
On Response SUPALA 
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A-6. — Supersolvus as-large-as grain size regression results. 
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A-7. — Subsolvus plus supersolvus mean grain size regression results. 



MODEL TMPSUBPGS 
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A-7. — Subsolvus plus supersolvus mean grain size regression results. 




Case Order Graph of Residuals of SBPG 
Using Studentized Residuals in Model TMPSUBPGS 
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fitted Ualues 

A-7. — Subsolvus plus supersolvus mean grain size regression results. 


Normal Probability Plot of Residuals of SBPG 
Using Studentized Residuals in Model TMPSUBPGS 
(Sample size = 30) 
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Residuals of SBPG 

A-7. — Subsolvus plus supersolvus mean grain size regression results. 


SBPG us LOGSOLNTIME , Adjusted for Remaining Predictors 
Using Mulreg @TMPSTRESS@MULREG , Model TMPSUBPGS 
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□ Adjusted Data Ualues 
Adjusted Fitted Curue 

A-7. — Subsolvus plus supersolvus mean grain size regression results. 


SBPG us LOGSTRAINRATE , Adjusted for Remaining Predictors 
Using Mulreg @TMPSTRESS@MULREG , Model TMPSUBPGS 
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A-7. — Subsolvus plus supersolvus mean grain size regression results. 


Predictions and 95 % simultaneous confidence interuals 
for mean responses of SBPG using model TMPSUBPGS 
LST = 0.3O103 
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A-7. — Subsolvus plus supersolvus mean grain size regression results. 


Least Squares Coefficients, Response SBPA, Model TMPSUBSUPALA 
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A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 



MODEL TMPSUBSUPALA 
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A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 


Case Order Graph of Residuals of SBPA 
Using Studentized Residuals in Model TMPSUBSUPALA 
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fitted Ualues 

A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 


Normal Probability Plot of Residuals of SBPfl 
Using Studentized Residuals in Model TMPSUBSUPALA 
(Sample size = 30) 
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A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 


SBPA us TEMPERATURE, Adjusted for Remaining Predictors 
Using Mulreg QTMPSTRESSQMULREG , Model TMPSUBSUPALA 
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□ Adjusted Data Ualues 
Adjusted Fitted Curue 

A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 


SBPA us LOGPRESOAK , Adjusted for Remaining Predictors 
Using Mulreg QTMPSTRESSQMULREG , Model TMPSUBSUPALA 
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A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 


Mulreg <3TMPSTRESS@MULREG , Model TMPSUBSUPALA 
Interaction Effects of LOGSTRAINRATE with LOGPRESOAK 
On Response SBPA 
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A-8. — Subsolvus plus supersolvus as-large-as grain size regression results. 
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